Introduction
[2] Current imbalances in the global carbon budget may be related to uncertainty of the fluxes of carbon sources/ sinks [Intergovernmental Panel on Climate Change, 1996; Schindler, 1999] and also to inaccuracy in estimates of carbon storage in individual components of the Earth's system [Edmonds, 1992; Jain et al., 1997] . Terrestrial ecosystems in the Northern Hemisphere may play a vital role in moderating CO 2 uptake in the overall carbon budget [Kauppi et al., 1992; Ciais et al., 1995; Fan et al., 1998; Houghton et al., 1999; Fang et al., 2001] . Soil organic carbon is the largest terrestrial carbon pool, about two times larger than carbon storage in aboveground biomass or the atmosphere [Post et al., 1990] , and is an important component of the global carbon cycle. Accurate estimates of soil carbon storage are thus important for understanding CO 2 fluxes to and from the atmosphere.
[3] Efforts to determine the carbon storage in soils at regional [Siltanen et al., 1997; Batjes and Sombroek, 1997; Milne and Brown, 1997; Tarnocai, 1998; Grossman et al., 2001; and global [Post et al., 1982; Zinke et al., 1984; Eswaran et al., 1993; Batjes, 1996; Adams and Faure, 1998; Jobbagy and Jackson, 2000] scales have provided a basis for terrestrial carbon modeling [Esser, 1987; Foley, 1995; Haxeltine and Prentice, 1996; François et al., 1998; Kurz and Apps, 1999; Cox et al., 2000; Kaplan, 2001] . Two most frequently used global soil carbon databases, the worldwide organic soil carbon and nitrogen data (WOSCN) [Zinke et al., 1984] in Oak Ridge National Laboratory database and the WISE (World Inventory of Soil Emission) global soil profile database [Batjes, 1996] , contain carbon and nitrogen analytical data from merely 3,583 and 4,353 profiles of the world. The soil profiles in the WOSCN database are mainly compiled from North America [Zinke et al., 1984] , while the majority of soil profiles in the WISE database are collected from Africa, South America, and the Caribbean [Batjes, 1996] . These global databases are not likely suitable for investigating detailed soil carbon budget at national levels [Batjes, 1996] . More accurate estimates on soil organic carbon storage and the spatial distribution at the regional scale based on greater data densities would significantly improve our understanding of soil organic carbon sequestration at a global scale as well as its role in carbon cycles.
[4] China has an extended terrestrial surface with strong spatial climatic and topographic variability. This leads to a great diversity of soils, including the latosols in the tropical zone, podzolic soils in the frigid-temperate zone, black soils in the northeast plain, desert soils in the northwestern inland, solonchaks on the coastal plains and alpine soils on the Tibetan Plateau [National Soil Survey Office (NSSO), 1998]. Consequently, soil carbon density is highly variable. A first attempt at estimating the soil organic carbon storage in China was carried out by Fang et al. [1996] , based on data from 725 soil profiles studied in China's first soil survey in the 1960s [Institute of Soil Science, 1982] and some investigations of forest soils [Zhang, 1986] . Rough estimates were made by Peng and Apps [1997] and Ni [2001] based on data from the WOSCN data [Zinke et al., 1984] , which contains only a small number of soil profiles from China. A more recent estimate of soil carbon storage at the national scale was also conducted by Wang et al. [2001] , based on the 2473 soil profile data from China's second national soil survey. Several estimates with greater data density at regional scales were carried out for soils in southeast China [Zhao et al., 1997; as well as cryic/colder soils in northern China [Luo et al., 2000; Wang et al., 2002] . There is, therefore, an urgent need to more accurately estimate the organic carbon storage in soils for the whole country.
[5] In this study, the spatial pattern of soil organic carbon density and organic carbon storage are investigated based on data from 34,411 soil profiles analyzed in China's second national soil survey [NSSO, 1993 [NSSO, , 1994a [NSSO, , 1994b [NSSO, , 1995a [NSSO, , 1995b [NSSO, , 1996 [NSSO, , 1998 ] conducted in the 1980s. Since data density during this investigation was much greater than any soil survey data that were used in previous estimates, it would be expected to more accurately represent the current situation of soil organic carbon in China.
Data and Methods
[6] Data used in this study were from China's second national soil survey [NSSO, 1993 [NSSO, , 1994a [NSSO, , 1994b [NSSO, , 1995a [NSSO, , 1995b [NSSO, , 1996 [NSSO, , 1998 ]. Because of the lack of soil data from the Taiwan region, calculation was simply made by analogy using the data of corresponding soil subgroups from China's mainland for completeness. We assume that this treatment will not cause significant variation for total national soil carbon storage since the Taiwan region accounts for only 3.8% of China's total land area. The soil surface considered in this study amounts to $881.81 million hectares (Mha) excluding water, glacial and permanent snow covered areas, and rock mountains [NSSO, 1998] . Since the Chinese soil taxonomy [NSSO, 1998 ] was used in the soil surveys, we used the same terminology in this study, but have tentatively compared it with the Food and Agriculture Organization/ UNESCO [1988] soil classification (Table 1) . The base electronic map of soil distribution used in this study is from Tian et al. [1996] . Soil taxonomy in the second national soil survey was not completely consistent with the legend of the soil map, necessary mergence of some soils, especially at the subgroup level was made based on the principle of approximation .
[7] Since organic carbon content varies along the soil profile, soil organic carbon density (SOCD) of each profile was calculated as follows:
where n is the number of pedogenic horizons defined in the soil survey [NSSO, 1998] , 0.58 is the Bemmelen index that converts organic matter concentration (M) to organic carbon content (OC) because organic matter was calculated by wet combustion with Cr 2 O 7 2À [Wen, 1984] , T i , r i , M i and C i represent thickness (cm), bulk density (g/cm 3 ), organic matter content and volumetric percentage of the fraction >2 mm (rock fragments) in layer i, respectively.
[8] Because of the lack of bulk density data in some soil profiles, we have established empirical relationships between organic carbon content and bulk density based on 784 analytical samples (Figure 1 ), as is a method frequently used in earlier studies [Zinke et al., 1984; Grigal et al., 1989; Siltanen et al., 1997] . Bulk density of soils without actual measured values was obtained using these empirical relationships (Figure 1 ). For the soil horizons without measured rock fragment volume (C i ), mean value of the same soil subgroup was used. Soil organic carbon storage (SOCS) was then computed by
where area i and SOCD i are the surface area and the organic carbon density of the soil subgroup i, respectively.
[9] In China's second national soil survey, soil profiles were generally divided into A, B and C horizons based on pedogenic properties of each horizon [NSSO, 1998 ]. In the A horizon (organic horizon) of soils, organic carbon has a turnover time of decades or less, while in the underlying B and C horizons (mineral horizons) it is much slower, that is about hundreds or thousands of years or more. This may lead to different interactions and feedbacks with the global climate system [Schimel et al., 1994; Townsend et al., 1995] . In this study, soil profiles were considered in two parts: the organic horizons (A horizons) and the mineral horizons (including horizon B and C) with carbon densities and storages calculated separately. Density and storage in the whole soil profile was also computed. In calculating regional organic carbon density, area-weighted means were used. As GIS (Geographical Information System) is a powerful way to visualize and analyze data geographically, we used ArcView GIS to map the spatial distribution of organic carbon densities.
Results and Discussions

Distribution of Soil Organic Carbon Density
[10] The content of organic carbon in soils is dependent on the bioproductivity and the mineralization intensity of organic matter, which are strongly controlled by hydrothermal conditions and soil texture [Duchaufour, 1983; Paul, 1984; NSSO, 1998; Lal et al., 2001] . China is characterized by a great spatial variability of climates, including tropical, subtropical, warm-temperate, and frigid-temperate zones going from south to north. The southern part of China is Each group surface area of soils in mainland was calculated by summing provincial data [NSSO, 1998 ] and that in Taiwan was computed by the map of soils [Tian et al., 1996] .
b Mean ± standard error of the mean. One soil group and nine soil subgroups of very small area were not included.
strongly humid due to the influences of the Asian monsoon circulations [Zhang, 1991] while in northwest China, the barrier effect of the Tibetan Plateau to moisture and the long distance from the ocean result in an arid climate. So the mean annual temperature of China increases from $À6.5°C to $23.5°C with the decrease of latitude, and the annual precipitation decreases from $2500 mm to $15 mm along southeast to northwest China. Cold conditions prevail across the Tibetan Plateau due to the high elevation. The fine soil texture is distributed in southern and eastern China while the coarse is found in the northern and western part [Xiong and Li, 1987] . These climate patterns and soil textures have strong impacts on the spatial distribution of soil organic carbon density in China.
[11] The organic carbon densities of the soil groups in China are listed in Table 1 , and the values for each of 219 soil subgroups (for terminology, see NSSO [1998] ) are shown in Figure 2 . For the whole country, soil organic carbon densities, in terms of soil subgroups, range from 0.16 to 34.37 kg C/m 2 for the organic horizons, from 0.00 to 47.62 kg C/m 2 for the mineral horizons, and from 0.73 to 70.79 kg C/m 2 for entire soil profiles. Most of the density values fall into the ranges from 1.00 to 5.00 C/m 2 for the organic horizons, 2.50 to 7.50 C/m 2 for the mineral horizons and 4.00 to 11.00 kg C/m 2 for soil profiles at the subgroup level (Figure 2 ). Lowest carbon density was observed for the takyr soil group, with the highest occurring in the peat soils (Table 1) .
[12] Figure 3 shows the distribution of organic carbon densities in the organic horizons, mineral horizons, and soil profiles by subgroup level. Organic carbon densities are highest, generally around 20.00 kg C/m 2 and more than 50.00 kg C/m 2 at the maximum, in brown coniferous forest soils/dark brown earths/bog soils in northeast China and in the subalpine/peat soils in the southeastern Tibetan Plateau. The lowest density, generally less than 3.00 kg C/m 2 , was observed for desert soils in northwest China. Overall, soil organic carbon density decreases from east to west, and a Figure 1 . Empirical relationships between soil bulk density and organic carbon content plotted on (a) linear and (b) logarithmic scales. The relationships are established based on measurements of 784 samples obtained from the National Soil Survey Office [NSSO, 1993 [NSSO, , 1994a [NSSO, , 1994b [NSSO, , 1995a [NSSO, , 1995b [NSSO, , 1996 . These data show two regression patterns between bulk density and organic carbon content in soils. general increase is obvious from north to south in western China while it decreases from north to south in eastern China. These variations can be better characterized along three transects (Figure 3 ) that are defined based on the most dominant climate variables (temperature and humidity) and soil texture gradients.
[13] Along transect I (Figure 3d ), high organic carbon density, generally around 20.00 kg C/m 2 , was observed for the brown coniferous forest soils distributed in northeast China. Corresponding to the soil sequence of dark brown earths, black soils, chernozems, meadow soils, brown earths and cinnamon soils from north to south, soil organic carbon density decreases from $ 9.00 to $3.00 kg C/m 2 in the organic horizons, from $15.00 to $4.00 kg C/m 2 in the mineral horizons, and from $20.00 to $7.00 kg C/m 2 for entire soil profiles. This southward decrease is consistent with the temperature increase as hotter conditions are favorable for the mineralization of soil organic matter. Slight increases were observed for the yellow earths and latosolic red earths in southern China, attributable to higher bioproductivity, and increasing clay content by reducing carbon outputs through its stabilizing effect on soil organic carbon [Paul, 1984] under humid tropical and subtropical conditions.
[14] Along transect II (Figure 3e ), the density of soil organic carbon decreases from east to west, following a sequence of black soils, meadow soils, castanozems, brown caliche soils, gray desert soils and gray brown desert soils. This is in agreement with increased aridity and decreased clay content in soil from east to west, leading to lower bioproductivity [NSSO, 1998 ] and less stabilized organic matter in soil [Paul, 1984] . Values vary from $7.50 to $1.00 C/m 2 for the organic horizons, from $6.00 to $2.00 kg C/m 2 for the mineral horizons, and from $14.00 to $3.00 kg C/m 2 for soil profiles. Two sudden decreases in organic carbon densities correspond to the transition from the black soils to castanozems, and that from the brown caliche to the desert soils, respectively.
[15] Along transect III in western China (Figure 3f ), soil organic carbon density increases from the gray brown soils under arid conditions at the northern end of the transect to the alpine/subalpine soils on the Tibetan Plateau. It varies from $1.00 to $7.00 kg C/m 2 for the organic horizons, from $2.00 to $6.00 kg C/m 2 for the mineral horizons, and from $3.00 to $13.00 kg C/m 2 for the soil profiles. The high density on the Tibetan Plateau is attributable to the cooler conditions, favorable to the accumulation of soil organic matter. The decrease at the southern end of the transect corresponds to the red earths in southern China at lower elevations.
[16] In northeastern China and the southeastern Tibetan Plateau under cool and relatively humid conditions, carbon density in the organic horizons is generally higher than that in the mineral horizons (Figure 3 ) while an inverse pattern is observed in the other area, probably due to higher temperatures.
[17] The empirical relationship among soil organic carbon, climate variables, and soil texture was established based on 722 analytical data that were measured in parallel at the same time from the soil profiles [NSSO, 1993 [NSSO, , 1994a [NSSO, , 1994b [NSSO, , 1995a [NSSO, , 1995b [NSSO, , 1996 . These soil profiles had not experienced any disturbance by human activity [NSSO, 1993 [NSSO, , 1994a [NSSO, , 1994b [NSSO, , 1995a [NSSO, , 1995b [NSSO, , 1996 . The relationship is expressed as follows:
where CF is clay content in percent, T is mean annual temperature in degrees Celsius (°C), and P is annual precipitation in millimeter (mm). The F test value (F>F 0.01 = 3.05) indicates that the relationship is statistically significant. In general, the soil organic carbon density of China is positively correlated with precipitation and clay content, and negatively correlated with temperature. Our result is qualitatively consistent with those studies reported in Australia [Oades, 1988] , in North America [Burke et al., 1989] , and in South America [Paruelo et al., 1997; Alvarez and Lavado, 1998] 
Carbon Storage in Different Climatic Zones
[18] In calculating carbon storage in soils, four major climatic zones are considered (Figure 3b ). These include tropical-subtropical (Zone 1) and temperate monsoon regions in eastern China (Zone 2), the arid region in northwestern China (Zone 3), and the frigid region in Tibetan Plateau (Zone 4), and are mainly defined based on temperature and proper degree of dryness [Zhang, 1991] . For example, the mean temperature of the coldest month (T cm ), the growing degree-days on 10°C (GDD 10 ) base and the proper degree of dryness (PDD) are more than 0, 4500, and less than 2.0 for the Zone 1, and less than 0, 4500 and 2.0 for Zone 2, respectively. In Zone 3, the GDD 10 and PDD are both more than 1700 and 2.0. The Tibetan Plateau (Zone 4), with an average altitude of $5,000 m, is one of the unique regions in China. In general, the region was defined by less than 180 days in which their mean daily temperature are above 10°C [Zhang, 1991] . The four zones are respectively dominated by allitic, siallitic, arid, and alpine soils [Xiong and Li, 1987] .
[19] Organic carbon density and storage in the organic and mineral horizons, and in the soil profiles in the four zones, are shown in Figure 4 . In the temperate zone, siallitic soils have the highest organic carbon density (9.56 kg C/m 2 ) and storage (23.70 Pg C). In the arid zone in northwestern China, organic carbon density is 4.46 kg C/m 2 and carbon storage amounts to 9.90 Pg C. Moderate density and storage are observed for soils in the tropical-subtropical zone and for the Tibetan Plateau, with densities of 8.64 kg C/m 2 for former, and 9.20 kg C/m 2 for latter. Organic carbon storages of these two zones amount to 17.49 Pg C and 19.23 Pg C, respectively. Overall, average organic carbon density in China is 8.01 kg C/m 2 (3.71 kg C/m 2 in the organic horizons and 4.30 kg C/m 2 in the mineral horizons), and total soil organic carbon storage in China is 70.31 Pg C (32.54 Pg C in the organic horizons and 37.78 Pg C in the mineral horizons).
Comparisons With Earlier Estimates
[20] In the worldwide organic soil carbon and nitrogen data [Zinke et al., 1984] , soil organic carbon density was estimated at low, medium, and high levels for each vegetation type. On the basis of the distributions of Chinese vegetation [Hou et al., 1982] and the soil zone map of China [Xiong and Li., 1987] in Table 2 , our estimated results of soil organic carbon densities are compared with the WOSCN results for China [Peng and Apps, 1997; Ni, 2001 ] following a commonly used soil regionalization pattern [Xiong and Li, 1987] . Most of the averaged soil carbon densities in this study are lower than those from the WOSCN database. Particularly, our value of 2 -2.5 kg C/m 2 for most Chinese desert soils is 2 to 8 times lower than mean values compiled by Zinke et al. [1984] , and are consistent with recent studies by Adams and Lioubimtseva [2002] and Adams et al. [1999] . In later studies, they found that the surprisingly high values of soil carbon for the central Asian desert in the WOSCN database are mainly due to a combination of uncertainties in sampling and misassigning biome zones. The problems of misassignment of semi-desert and steppe zones into ''desert'' may dominate the overestimation of carbon density in Chinese desert soil ( Table 2 ). The only exception lies in the podzolic soil zone in the northern Da Hinggan Mountains, where our estimates are significantly higher than the WOSCN's values. The zone represents only $2% of the total soil surface. Similar densities to the WOSCN's medium values are obtained for the dark brown earth-black soil-chernozems zone and for the latosolic red earth zone.
[21] On the basis of 4353 soil profiles distributed globally, Batjes [1996] calculated the organic carbon density of FAO-UNESCO soil units, and re-estimated about 1462 -1548 Pg C of global carbon pool in upper 100 cm. In Figure 5 , the results of soil organic carbon density of China in this study are compared with the global WISE data [Batjes, 1996] for the first meter in terms of the FAO-UNESCO soil classi- [Zinke et al., 1984] Soil Zones [Xiong and Li, 1987] Vegetation Types [Hou et al., 1982] Carbon Density, kg C/m fication (Table 1) . High correlation (y = 0.82x + 1.57, r 2 = 0.75, n = 60) between our estimated results and the estimates from the global WISE data indicates that soil organic carbon density in the WISE database are more comparable to China's soils database [NSSO, 1998 ] than that in worldwide organic carbon and nitrogen database by Zinke et al. [1984] . However, an apparent difference in soil organic carbon densities was observed between the WISE database and our results ( Figure 5 ). For example, when the soils have high carbon densities (>10 kg C/m 2 ), the soil organic carbon densities in the global WISE database are much lower than that in China, while a reverse pattern is represented when the soils have low carbon densities (<10 kg C/m 2 ). The discrepancy is likely due to the much higher soil profile density (34,411 soil profiles) used in this study, while only 60 soil profiles collected from China were included in the WISE database [Batjes, 2002] . Given that China's terrestrial land surface has strong spatial climatic and topographic variability, the WISE database seems unsatisfactory for China.
[22] Estimated average organic carbon density in China (8.01 kg C/m 2 ) in this study is significantly lower than the WOSCN average density of $10.53 -12.29 kg C/m 2 [Peng and Apps, 1997; Ni, 2001] for China. Apparently higher values based on the WOSCN database were also reported for the forest and tundra mineral soils in Canada [Siltanen et al., 1997] . In addition to the much higher data density used in this study, the difference may be partly due to the fact that only natural soil data were used in the WOSCN database [Zinke et al., 1984] , while a great proportion of the soil profiles in China have been significantly affected by the long agricultural history, which usually leads to loss of soil organic carbon [Woomer et al., 1994; Zhao et al., 1997] .
[23] At a regional scale, our estimated $17.5 Pg C of organic carbon storage in 202 Mha of tropical and subtropical soils in southern China is comparable with the result of 10.6 Pg C by Zhao et al. [1997] based on a surface of 111 Mha in southeastern China, and is overlapped by the low end of a recent estimate of 26.8 ± 7.4 Pg C soil organic carbon for the area of 215 Mha of tropical and subtropical soils in China . The discrepancy between this study may be due to the difference in estimating the soil bulk density for samples without actual measurements. In this study we used the empirical relationships between organic carbon content and bulk density, based on 784 field measurements, to estimate carbon density of soils without observations, while simply assigned a mean soil bulk density value for their corresponding subgroups or groups.
[24] Our study indicates that soil organic carbon storage in China is $70.31 Pg C, which is significantly lower than the estimate of $101.10 Pg C by Peng and Apps [1997] and that of $117.84 -119.76 Pg C by Ni [2001] , which were based on carbon densities provided by the WOSCN database. This is obviously attributable to the generally higher carbon density in the WOSCN database. Our result of $70.31 Pg C for soil organic carbon storage in China is also much lower than the estimates of 185.69 Pg C by Fang et al. [1996] and 92.4 Pg C by Wang et al. [2001] . The disagreement may be related to the following:
[25] 1. The data density used in our study (34,411 profiles) is much greater than that of Fang et al. [1996] and Wang et al. [2001] , based on 725 and 2473 profiles, respectively. Although the soil profiles of Wang et al. [2001] are also from China's second national soil survey, their estimates are only based on the representative soils in the different regions of China, and the soil profiles were selected from the survey according to their geomorphological units, hydrothermal conditions, morphological peculiarities, and physicochemical characters [NSSO, 1993 [NSSO, , 1994a [NSSO, , 1994b [NSSO, , 1995a [NSSO, , 1995b [NSSO, , 1996 . Our study considered all soil profiles collected by this survey, so the estimation would better represent the high spatial variability of soils in China.
[26] 2. We compensated for rock fragment (>2 mm) volume of the soil profiles resulting in a decrease of $10% of the estimated organic carbon density and storage as this fraction was not considered by Fang et al. [1996] and Wang et al. [2001] .
[27] 3. Fang et al. [1996] and Wang et al. [2001] used the average soil bulk density of soil subgroups or groups in calculating carbon density for the soil profiles in which the bulk density was not measured, unfortunately, while, in this study, the empirical relationships between soil bulk density and organic carbon content is used to estimate the bulk density values of these soils. In addition, the fact that we removed water, glacial and permanent snow covered areas, and rock mountains areas while these areas were not considered by Fang et al. [1996] .
[28] Organic carbon storage in the world's soils was estimated at $1100-1700 Pg C [Post et al., 1982 [Post et al., , 1990 Prentice and Fung, 1990; Eswaran et al., 1993; Batjes, Figure 5 . Comparison between the soil organic carbon densities of China in this study and those in the WISE database [Batjes et al., 1996] . Organic carbon density plotted on logarithmic scale. The solid line shows a linear regression of the SOC density in our result against the WISE database, and the dashed line indicates exact agreement.
1996 ; Lal, 1999; Jobbagy and Jackson , 2000] with a mean of $1500 Pg C. Accordingly, the soil organic carbon storage in China represents $4.7% of the world's soil organic carbon storage even though China has about 6.4% of the World's surface area. Lower storage in China is mainly due to extended arid and semi-arid regions ($40% of total land surface of the country). The more intense and long history of agriculture in China may also account for this difference [Zhao et al., 1997; .
Conclusions
[29] China holds $6.4% of the world's surface and therefore has a significant role in the carbon cycle of global terrestrial ecosystems. On the basis of 34,411 soil profiles investigated during China's second national soil survey, we found that current organic carbon density in soils varies from 0.73 to 70.79 kg C/m 2 with high regional variability associated with spatial climate variability. The average density of $8.01 kg C/m 2 is lower than the world's mean soil organic carbon density ($10.60 kg C/m 2 ) [Post et al., 1982; Foley, 1995] . Current total organic carbon storage in Chinese soils is estimated to be $70.31 Pg C (including 32.54 Pg C in the organic horizons and 37.78 Pg C in the mineral horizons), representing $ 4.7% of the world's soil organic carbon storage. Because of the quick turnover time of the organic carbon in the organic horizons [Schimel et al., 1994; Townsend et al., 1995] , the surface organic horizons (with 32.54 Pg C) would be most sensitive to interactions with the atmosphere. Lower values of the average organic density and storage values in Chinese soils compared with those of the world are mainly attributable to the extended arid and semi-arid regions as well as the long history of land use in China. Our estimates, which are based on a much higher data density and better analysis methods, are expected to provide a more realistic picture of current spatial variations in carbon densities and storage in China. Figure 3b refer to monsoonal tropical-subtropical zone (Zone 1), the monsoonal temperate zone (Zone 2), the arid zone (Zone 3), and the frigid zone (Zone 4), respectively.
